In this study, AISI 1020 steel was machined by chip removal, in dry conditions, using ASSAB 17 tool bits with Hafnium Nitride (HfN) monolayer coating, deposited as a thin film via magnetron sputtering physical vapor deposition (PVD) technique, and uncoated tool bits, used as reference system. The surfaces of the machined steel were evaluated and characterized using Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). The use of monolayer HfN coating on the tool bits was demonstrated to improve the surface finish of the workpiece and reduce cutting process time and cost.
Introduction
One of the most important criteria in the machining of metallic materials -in terms of the quality of the process, the geometry and the tolerance of the workpiece -is the surface finish obtained. This is influenced by the parameters of the cut, the properties of the cutting tool, the characteristics of the material to be worked on and the interaction among all these factors [1] [2] [3] . In industry, the surface finish of the product is evaluated by estimating the two most important roughness parameters, which are a) the arithmetical mean deviation of the roughness profile (Ra) and b) the maximum height of the roughness profile (Rz) [4] .
Moreover, in industry there is the constant challenge of reducing cutting costs and increasing the quality of the machining of metallic materials. Hence, the ability to machine metals by chip removal is evaluated, through the inspection of tool wear, the cutting forces generated and the surface finish of the workpiece [5] [6] [7] [8] .
Traditional optical microscopes have been utilized in a variety of fields, but their configuration has limitations. This produces the need for new devices capable of improving the observation of all types of elements, allowing for more detailed analysis of the surface of a material [9] [10] [11] . This required the development of new microscopes that permit the observation of materials at a smaller scale, via different methods [12] [13] . Ever since the advent of the transmission electron microscopy, a range of technology has been implemented which has proven helpful in deepening the study of materials and their surfaces [14] [15] [16] [17] .
The scanning electron microscope (SEM) has been very important in the observation of objects because it allows greater magnification than optical microscopes and its depth of field provides better observation of the sample, producing a high definition image [18] . With the use of new technologies the study of materials can be further explored. One example is the atomic force microscope (AFM), which allows visual displays on a nanometric scale and analyzes in more detail a sample subjected to different conditions [19] [20]. The importance of analyzing the surface finish and possible deformations of material lies in the characterization of tool operation and the way the material surface is affected. This provides the roughness profile (Ra) and the definition of the areas where fatigue or stress are generated by the tool [21] [22] .
Nitrides are a crystallographic defect which are interstitial. Nitrogen atoms are introduced in a part of the crystalline structure where atoms are normally not found. This kind of structural modifications has been topic of interest for industrial applications. One example of such nitrides is Hafnium Nitride (HfN) [21] . The electronegativity difference between nitrogen (3.0) and hafnium (1.3), together with the atomic sizes, allow for the rapid diffusion and settlement of the nitrogen atoms in the interstices of the hafnium crystal structure.
In these compounds the bonds are mixed ionic-covalent, with an ionic character of 52% and a covalent character of 48% [24] , giving the interstitial nitrides characteristics such as high thermal and electrical conductivity. These materials also have a high melting point and high hardness. Furthermore, they are chemically inert and have a refractory nature [25] . The coatings in the form of single layer of hafnium nitride (HfN) have been developed for use in the electronic industry, which explains why there is few literature concerning the mechanical and tribological properties.
The purpose of the present study was to characterize the surface finish that was obtained by cutting with tool bits both coated and uncoated in Hafnium Nitride, using AFM and SEM techniques. The aim was not to evaluate the lifespan of coated tools, but rather to identify, in the different samples, how the coated and uncoated tool affects the final state of the machined material.
Materials and Methods

Coating deposition
In order to grow thin films of hafnium nitride, a R.F. magnetron sputtering system was used. The equipment consists of a stainless steel chamber, which has a base pressure inside the vacuum chamber of 2.3x10 -3 mbar and a total working pressure of 3.6x10 -3 mbar. It also has a substrate temperature of 400 °C, an R.F. bias voltage of -70V and 400W of power. During growth, the working gases were a mixture of Ar (93%) and N2 (7%). In the coating deposition process it was used a 4-inch-diameter hafnium target with 99.9% purity as source material. The tool bits were degreased via ultrasonic washing in ethanol and acetone for 15-minute, and were then admitted to the magnetron for the film growth.
Cutting process and Characterization
The turning process was performed by chip removal in computer numerical control turning center (CNC), under conditions of no lubrication, on AISI 1020 steel rods of 0.5-inches in diameter. The process used a conventional tool without coating, with a spindle rotation speed of 500 rpm, a tool feed rate of 0.25mm/rev, a diametrical penetration of 2mm, a rod length of 30 cm and a cut length of 10 cm.
We subsequently polished the AISI 1020 samples, but this time the tool was used with and without HfN coating. The process involved two different cuts, made sequentially on the machined steel with the previous conventional tool, using the cutting parameters reported in Table 1 . Figure 1 shows the AISI 1020 steel rods after the polishing process, using tool bits with and without monolayer HfN coating. The procedure used is indicated in the development of the experiment. In tests with the uncoated tool bit, a continuous chip with a heightened edge was shown to be generated, since the friction between the chip and the tool is high enough so that the chip adapts to the surface of the tool bit.
Results
Roughness and Surface Finish
The presence of this adhering material increases friction and generates self-welding, causing an increase in surface roughness. As for the tests with the coated tool bit, a continuous chip was generated which achieved good surface finish. Once the dissipated energy reduced, it was transmitted to the chip in the interface between it and the cutting tool, thus presenting a low roughness value [27] [28] . Table 2 makes evident that by implementing the coated tool, a better surface finish is generated, thus reducing the irregularity of the machining piece. In Figure 2b , on the other hand, the micrograph shows a surface cut with a tool bit coated in HfN, producing a more constant cut. This indicates that this tool produces a suitable surface finish and less wear on the material to be cut. Considering that the melting point of the hafnium nitride in coating form is high compared to materials such as steel, we can conclude that there is less adhesion of the material to the cutting tool, due to a lower working temperature [31] . This type of characteristic causes lesser wear by friction, since a low percentage of abraded material will adhere to the tool because of its temperature, thus obtaining a better surface finish.
SEM Analysis.
a) b)
Figure 2 AISI 1020 steel Surface finish visualized on a SEM at a scale of 2mm, a) polished with conventional tool bit, and b) polished with tool bit coated with HfN. Figure 3a shows that, upon zooming further onto the analyzed surface, sizable microcracks appear because of the roughing of the uncoated tool. These cracks can become critical when the material is performing the work for which it was manufactured, and this surface imperfections can be the onset of failure of the material. Additionally, having a surface with higher porosity facilitates the appearance of corrosive processes. In comparison, Figure 3b shows the surface devastated with the tool bit coated in hafnium nitride. This surface displays areas which are constant and of equal size, less jagged edges and greater symmetry, all factors which are favorable for the resistance of the material and which decrease the likelihood of corrosion in the short run. Figure 3 AISI 1020 steel surface finish visualized on a MEB at a scale of 100 µm, a) polished with conventional tool bit, and b) polished with tool bit coated with HfN.
AFM Analysis.
In the analysis of roughness in function of the cutting tools evaluated under the atomic force microscope (AFM), we performed a comparison of the finish generated by the two types of tools in 7 different areas of 1.986 μm For a more thorough analysis, an area experiencing greater wear from the two tools was selected, that of the uncoated tool bit in Figure 35a and that of the coated tool bit in Figure  35b . For this second zone of analysis it is necessary to note that although the Ra value increases to the maximum value measured for the two trials, the coated tool continues to show a better surface finish, with a roughness value of Ra 1120 nm compared to a roughness value of 1696.2 nm for the uncoated tool, demonstrating the efficiency of the coating. Moreover, Figure 35a reveals an uneven surface, with pronounced peaks and large surface defects, while Figure 35b shows a more homogeneous surface [33] . This all indicates that applying a monolayer coating of HfN to the cutting tool improves the surface finish of the workpiece. According to Davies et al. [34] , this occurs because of a decrease in the rate of temperature variation, improves the quality of the cutting process.
Conclusions
In summary, the deposition of the HfN monolayer coating onto cutting tool improves the surface finish of the machined piece, demonstrating a homogenization of the produced piece and lower production of surface microcracks, thus avoiding possible early failures.
The use of cutting tools coated with a monolayer of HfN offers several advantages at the industrial level, including increasing the quality of the manufactured product, reducing production time and costs as well as reducing the adhesive wear generated in the tribological pair and its impact.
